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ABSTRACT 



(^ ■ We study the motion of a D(8-p)-brane probe in the background created by a stack of 

'nI" , non-threshold (D(p-2), Dp) bound states for 2 < p < 6. The brane probe and the branes 

f~^ ! of the background have two common directions. We show that for a particular value of 

O I the worldvolume gauge field there exist configurations of the probe brane which behave as 

massless particles and can be interpreted as gravitons blown up into a fuzzy sphere and a 
noncommutative plane. We check this behaviour by studying the motion and energy of the 
brane and by determining how supersymmetry is broken by the probe as it moves under the 
Qh! action of the background. 
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1 Introduction 

One of the most interesting things we have recently learnt from string theory is the fact that 
a system can increase its size with increasing momentum. There are several manifestations of 
this phenomenon, which is opposite to the standard field theory intuition, in several contexts 
related to string theory such as the infrared ultraviolet connection |[1| or the noncommutative 
geometry 0. 

In ref . McGreevy, Susskind and Toumbas found another example of the growth in size 
with energy. These authors considered a massless particle moving in a spacetime of the form 
AdSm X S^~^^ and discovered that there exists a configuration in which an expanded brane 
(the giant graviton) has exactly the same quantum numbers as the point-like particle. This 
expanded brane wraps the spherical part of the spacetime and is stabilized against shrinking 
by the flux of the Ramond-Ramond (RR) gauge field. The size of the giant graviton increases 
with its angular momentum and, as the radius of the brane cannot be greater than the radius 
of the spacetime, one gets that there exists an upper bound for the momentum of the brane. 
This fact is a realization of the so-called stringy exclusion principle. Moreover, in refs. 0, Q 
was proved that the giant gravitons of ref. [^j are BPS configurations which preserve the 
same supersymmetry as the point-like graviton. It was also shown in [|, ^ that there also 
exist gravitons expanded into the AdS part of the spacetime which, however, do not have 
an upper bound on their angular momentum due to the non-compact nature of the AdS 
spacetime. 

The overall physical picture one gets from these results is that for high momenta the 
linearized approximation to supergravity breaks down and one is forced to introduce inter- 
actions in order to describe the dynamics of the massless modes of the theory. An effective 
procedure to represent these interactions is to assume that the massless particles polarize and 
become a brane. The precise mechanism of this polarization is the so-called Myers dielectric 
brane effect [^]. 

The blowing up of gravitons into branes can take place in backgrounds different from 
AdSm X S'^'^'^. Indeed, in ref. it was found that there are giant graviton configurations of 
D(6-p)-branes moving in the near-horizon geometry of a dilatonic background created by a 



stack of Dp-branes. For other aspects of the expanded graviton solutions see refs. p|-p!2 

In this paper we will find giant graviton solutions for probes which move in the geometry 
created by a stack of non-threshold bound states of the type (D(p-2), Dp) for 2 < p < 6 [|T3|. 



as su- 



These backgrounds are 1/2 supersymmetric and have been considered recently [H 
pergravity duals of noncommutative gauge theories. They are characterized by the presence 
of a non-zero Kalb-Ramond field B, directed along the Dp-brane, from the Neveu-Schwarz 
sector of the superstring, together with the corresponding RR fields. We will place in this 
background a brane probe in such a way that it could capture both the RR flux (as in the Dp 
backgrounds) and the flux of the B field. This last requirement implies that we must extend 
our probe along two directions parallel to the background and, actually, our probe will be a 
D(8-p)-brane wrapped on an S*^"^ sphere transverse to the background and extended along 
a (noncommutative) plane parallel to it. We will verify that, by switching on a particular 
worldvolume gauge field, one can find configurations of the D(8-p)-brane which behave as 
a massless particle. We will check that the energy of these giant graviton configurations is 



exactly the same as that of a massless particle moving in the metric of the (D(p-2), Dp) 
background. Generically, the brane falls into the center of the gravitational potential along 
a trajectory which will be determined. We will also study the supersymmetry projection 
introduced by the brane and we will show that it breaks completely the supersymmetry of 
the background, exactly in the same way as a wave which propagates with the velocity of 
the center of mass of the brane. Thus, also from the point of view of supersymmetry, the 
expanded brane mimics the massless particle. 

The plan of this paper is the following. In section 2 we will start our analysis by describing 
the (D(p-2),Dp) background. Then, we will consider a brane probe and its action and energy 
on the background will be studied. At the end of this section the giant graviton configurations 
will be characterized and the corresponding equations of motion will be integrated. Section 
3 is devoted to the analysis of the supersymmetry of the problem for the particular case 
of the (Dl, D3) background. First of all, we shall obtain the form of the Killing spinors. 
Then, the K-symmetry of the probe is studied and its associated supersymmetry projection 
is obtained. Details of the determination of the Killing spinors for the (Dl, D3) background 
are given in appendix A. Finally, in section 4 we will summarize our results and discuss some 
possible extensions of our work. 



2 Giant gravitons in (D(p-2),Dp) backgrounds 

The supergravity background we will consider is the one generated by a stack of A^ non- 
threshold bound states of Dp and D(p-2) branes for 2 < p < 6. The metric and dilaton (in 
the string frame) for such a background are [|l^]: 



ds^ = /-1/2 ^_(^dx''y + ■■■ + { dx"-^ f + hp (( dx^-^ f + ( dx^ f 



+ 



+ /p 



1/2 



dr'^ + r^ dnl_^ 



s>- = // hy' , (2.1) 

where dVt\_p is the line element of a unit (8— p) sphere, r is a radial coordinate parametrizing 

the distance to the brane bound state and (pD = (f^D — 'Poij' -^ oo). The Dp-brane of the 
background extends along the directions x^ ■ ■ ■x'^, whereas the D(p-2)-brane component lies 
along x° ■ ■ -x^"^. The functions fp and hp appearing in (p.l|) are: 

U = 1 + ^ > 

h;' = sin" if fp' + cosV, (2.2) 

with ip being an angle which characterizes the degree of mixing of the Dp and D(p-2) branes 
in the bound state. The parameter R, which we will refer to as the radius, is given by: 

R'-P cosv? = Ar^,2^-P7r^ (a')^ ^{^t) ' (^.3) 



where A^ is the number of branes of the stack, Qg is the string couphng constant {Qs = 
g</>D (r-^oo) -J g^-^^ Q,/ jg ^YiQ Regge slope. 

This solution is also endowed with a rank two NSNS field B directed along the x^'^x^ 
(noncommutative) plane: 

B = tanip f-^ hp dx^'^ A dx^ , (2.4) 

and is charged under RR field strengths, F^'^^ and F^~^'^\ The components along the direc- 
tions parallel to the bound state are: 

^ivi,-,xP-2,r = sin if Or f~^ , 

^ivV-,.^r = COSCphpdrf;'. (2.5) 

It is understood that the F*^^)'s for p > 5 are the Hodge duals of those with p < 5, i.e. 
p{p) — *p{io-p) £qj^ p < 5. In particular this implies that F^^^ is self-dual, as is well-known 
for the type IIB theory. It is clear from the above equations that for ip = the (D(p-2),Dp) 
solution reduces to the Dp-brane geometry whereas for ip = 7r/2 it becomes a D(p-2)-brane 
smeared along the x^~^x^ directions. 

It will be convenient for our purposes to use a particular coordinate system [^ for the 
unit 8—p sphere S"^"^. In order to define these coordinates, let us realize S^~^ as the surface 
in IR ~^ whose equation is (z^ Y + ■ ■ ■ + ( z^~^ )^ = 1. We shall parametrize z^ and z"^ by 
means of the coordinates p and (p as follows: 



z^ = yl — p2 COS0 , z^ = \Jl — p^ sin0 , (2.6) 

where < p < 1 and < < 27r. Clearly, on S^^"^ , one has: 

After a simple calculation one can demonstrate that, in terms of {p,(l)), the metric of S^^^ 
takes the form: 

dnl_^ = ^-^ dp' + (i- p') d<f + p2 d^l^^ , (2.8) 

where dVLl_ is the metric of a unit Q — p sphere. 

The Hodge duals of the RR field strengths can be easily computed from eqs. ( |2.5| ) and 
( p. 11) . Clearly * F^^^ is a (10 — p)-form whereas * F^^'^'^^ is a (8 — p)-form. After a simple 
calculation one can check that * F^^^ and * F^^^^^ have the following components: 



*^i';.l.,.-. = i-lY^H7-p)cospR'-^p'-^./^ , (2.9) 

where 9^,- ■ ■ , 9^~'p are coordinates of the unit 6 — p sphere and g^^'P") is the determinant of 
the S^~P metric. These forms satisfy the equations: 

d*^{p) = H A *f(p+2) ^ ci*F(P+2) = . (2.10) 



Then, one can represent * F^^^ and * F^^^'^^ in terms of three potentials as follows: 

* F'^p^ = dC^^-P^ -HA C(^-P) , 
* F(p+2) = t/C(7-P) -HA C(^-P) , 



(2.11) 



where H = dB. In eq. ( |2.11|) C'-^-' is an r-form. Actually only for p = 3 the term H A C*-^^^-* 
in the second of these equations gives a non- vanishing contribution. By a direct calculation 
one can check that the other two potentials C*-^~^^ and C*-^~^^ have the components: 



{7-p) 



c. 



c 



(9-p) 



[-1Y+^ cosy^R'-Pp'^-P 



^^) 



-ir+i sinipR'-Pp'-Ph,f;' ^^) . 



(2.12) 



Apart from the ones displayed in eqs. (|2.5|) and (p.9|) , the RR field strengths and their duals 
have another components. Actually, due to the identification of F^^^ and *F^^'^~p\ the forms 
appearing in these equations are not all different. Using this fact it is not difficult to obtain 
all the components of the RR gauge forms. From this result one can check that eq. ( |2.1CI| ) is 
satisfied and, thus, the representation of *F^p^ and *F*^^+^) in terms of the different potentials 
appearing on the right-hand side of eq. ( f^.llD holds (although these potentials have another 
components in addition to the ones written in eq. ( |2.12| )). Let us specify this for p = 3. In 
this case one can easily check that F^^^ and F^^^ are given by: 

F(=^) = sin if drfs^ dx^ A dx^ A dr , 



i?(5) 



COSif 



4^3, 



h-:>,drf^ dx^ A--- Adx^ Adr + AR^p-^dp A d(j) A 6(3) 



(2.13) 



Moreover, *F^^^ and *F^^^ = F^^^ can be represented in terms of three RR potentials C^^\ 
C(4) and C(2) as in eq. (|2lll) with: 



^(6) 



sin LfR p hsf.^ dx A dx Ad(j)At{2,) 



^(4) 



COS(/? 



4„4, 



hf^'dx"" A---Adx'' + R^'p 



Ae 



(3) 



^(2) 



sinf/j/g ^dx^ A dx^ 



where e(3) is the volume form of the unit S^ (with this election of C^^-* one has F^^'^ 
One can treat similarly the other cases. 



(2.14) 
-rfC(2)). 



2.1 The brane probe 

Let us now embed a D(8-p)-brane in the near-horizon region of the (D(p-2), Dp) geometry. 
In this region r is small and one can approximate the harmonic function fp appearing in the 
super gravity solution as: 

R'^-P 



U 



-7—p 



(2.15) 



The D(8-p)-brane probe we will be dealing with wraps the (6-p) transverse sphere and ex- 
tends along the x^'^x^ directions. The response of the probe to the background is determined 
by its action S, which is the sum of a Dirac-Born-Infeld and a Wess-Zumino term ||15|| : 



S = S, 



The Dirac-Born-Infeld term Sdbi is: 



S 



DBI 



-z 



8-p 



DBI 



d'-^i. 



+ ^1 



WZ 



-<t>D 



-det(^ + J^\ 



where g is the induced worldvolume metric, T^-p is the tension of the D(8-p)-brane: 



T« 



{2nr 



a 



p-9 



(2.16) 



(2.17) 



(2.18) 



and, if P[- ■ ■] denotes the pullback to the worldvolume of a bulk field, JF is given by: 

T = F - P[B] = dA - P[B] , (2.19) 

with F being a U{1) worldvolume gauge field strength and A its potential. The Wess-Zumino 
term of the action Swz couples the probe to the RR potentials of the background. For the 
brane probe configuration we are considering and the (D(p-2), Dp) background, Swz is given 
by: 



S^ 



WZ 



T, 



8-p 



The worldvolume coordinates ^" {a = 0,- ■ ■ ,8 — p) will be taken as: 

^" = {t,xp-\xp,e\---,e^'p) . 



(2.20) 



(2.21) 



As we will confirm soon, the set of coordinates (|2.21|) is quite convenient to study the kind of 
configurations we are interested in. These configurations are embeddings of the D(8-p)-brane 
which, in our system of coordinates, are described by functions of the type: 



r(t) 



P = Pit) 



<p = m 



(2.22) 



Let us now evaluate the action for the ansatz ( |2.22D . We shall begin by studying the Wess- 
Zumino term. In this term only the components of C*^^"^-* and C'-^"^-' written in eq. ( p.l2|) 
contribute. Actually, it is easy to see that the pullback of the RR potential C^^~^^ is cou- 
pled to the x^~^x'^ component of JF. Assuming that T^v-^^xv is independent of the angles 
5)1 .. . 5)6-p^ Qj-^g gg|-g |-]^g^^ Sv/z can be written as: 



Swz 
where 6 



Tg.pfig-p-R"^ ^ COSV9 



dtdx^-^ dx^ p'-^ {-Vf^^ 
d^jdt and fig-p is the volume of the S^~'^ sphere, given by: 



^xp-\xp + hpfr, Hanv? 



7-p 



'6— p 



r(^ 



(2.23) 



(2.24) 



Notice that for the ansatz (|2.22|) the scalars r, p and do not depend on the coordinates 
x^~^ and x^ and, therefore, P[B\ has only non-zero components along the directions x^~^x^. 
By using the actual value of the B field for the (D(p-2), Dp) background in the definition 
of JF (eq. (|2.19|) ), one immediately gets that the term inside the square brackets on the 
right-hand side of eq. ( p.23| ) is: 

^xv-\xp + ^p/p~^ tan v? = F^v-i^xp ■ (2.25) 

In what follows we will assume that the only non-zero component of the worldvolume gauge 
field is F^p-ir^p and we will denote from now on T^v-^^x-p and F^-p-i ^.p simply by T and F 
respectively. Then, the total action can be written as: 

S = f dtdxP-Ux^C , (2.26) 

where the lagrangian density C is given by: 
C = T^-pVt^-pR ~^ X 



X 



p'-"AiX-2/-i - r-V2 - ^^ - (l-p2)02 + A2(-l)^+V~^ 



(2.27) 



In eq. (p.27|) we have introduced the functions Ai and A2, which are defined as: 



\i = JKf-^ + J^^h„\ X2 = Fcos^. (2.28) 



Before starting the analysis of the lagrangian density (|2.27| ), let us discuss how the brane 



probe is extended along the x^ x^ directions. The main motivation to extend the probe 
along these directions is to allow the worldvolume of the brane to capture the flux of the B 
field of the background. It is thus natural to characterize the spreading of the D(8-p)-brane 
in the x^^^x^ plane by means of the flux of the F field. Accordingly we will extend our brane 
along the x^~^ x^ directions in such a way that there are A^' units of worldvolume flux, i.e.: 



r It: 

/ dxP-'dx^F = — N\ (2.29) 

J Tf 



with Tf = (2'7rQ;') ^ being the fundamental string tension. Clearly, given F (which will 
be determined below), eq. ( p.29|) gives the volume occupied by the brane probe in the 



noncommutative plane in terms of the flux number N'. 

Let us now resume our study of the dynamics of the system by performing a canonical 
hamiltonian analysis of the lagrangian density ( p.27| ). First of all, for simplicity, let us absorb 
the sign (— 1)^"'"^ sign of the Wess-Zumino term of £ by redefining if necessary. The density 
of momenta associated to C are: 



df 



Vr — -^ = T^~p ^e-p R ^ Ai TTf, 



dC 



Ts-p ^6-p R ^ Ai 



n 



p ' 



-Pp 

UfJ 

dC 

V^ = -J =Ts-pnQ-pR'-PXin^, (2.30) 

where we have defined the reduced momenta vr^, iip and vr^. By using the exphcit value of 



of £, given in eq. (|2.27|) , we get: 

„6— p 



TTr 



7Tn 



P 






p ^ '^ i-p 



tS - (1 - P^) '/>^ 



p 






2 /-I _ ».-2^2 _ P 

' ' l-p2 



;i-p 



2^ A2 



r Vc 



-2 /-I _ ^-2^2 __£!__ (1 _ p2) 02 



+ Ap'-" 



(2.31) 



where, in the third of these expressions we have introduced the quantity A, defined as: 



-^ 



(2.32) 



The hamiltonian density of the system can be obtained in the standard way, namely: 

n = rVr + pVp + ^V^ - C = Tg.pfig-p^^^^Ai/i , (2.33) 



where, in analogy with what we have done for the momenta, we have defined the reduced 
quantity h. From eqs. (|2.27| ) and (|2.31|) , one gets after a simple calculation that h is given 
by: 



h = r-'L 



1 -f 2 



r' -al + p2(^-^) 



+ (!-/)< + 



l-p2 



(2.34) 



2.2 Fixed size configurations 

We would like to obtain solutions of the equations of motion derived from the hamiltonian 
( p.34| ) which correspond to a brane of fixed size. It follows from eq. ( |2.8| ) that the coordinate 
p plays the role of the size of the system on the S*®"^ sphere. For this reason it is interesting 
to look at solutions of the equations of motion for which p is constant. This same problem 
was analyzed in ref. [0 for the case of brane probes moving in the near-horizon Dp-brane 
background (see also refs. ||^, ||, |^, |[). In ref. it was found that the p-dependent terms in 
the hamiltonian can be arranged to produce a sum of squares from which the p = constant 
solutions can be found by inspection. By comparing the right-hand side of eq. ( p.34| ) with 



the corresponding expression in ref. |0], one immediately realizes that the same kind of 
arrangement can be done in our case if the condition: 



A = 1, 
is satisfied. Indeed, if eq. ( p.35| ) holds, one can rewrite h as: 



(2.35) 



h 



r-'fP 



2 I 2 2 I /I 



P')< + 



T^cjyp- P 



fi—p 



l-p2 



(2.36) 



The analysis of the hamiltonian ( |2.3(j| ) can be performed along the same lines as in ref. ^ 
(see below). Before carrying out this study, let us explore the content of the condition (|2.35| ). 
By recalling the definition of A (eq. (|2.32|) ), we reahze that eq. (|2.35| ) is equivalent to require 
that Ai = A2. Moreover, by using eq. ( p.25| ) in the definition of Ai (eq. ( |2.28| )), one obtains: 



Xl = cosV^^ + fp^ (Fsinif 



1 



cos if 



(2.37) 



By comparing the right-hand side of eq. ( p. 37] ) with the definition of A2 (eq. ( p.28| )), one 
concludes immediately that the condition A = 1 is equivalent to have the following constant 
value of the worldvolume gauge field F: 



1 



sm (f cos cp 



2csc(2(y9) . 



(2.38) 



By substituting this value of F on the right-hand side of eq. ( |2.37|) one gets that Ai is also 
constant and given by: 

Ai = -^ . (2.39) 

siiup 



In the next section we will show that for the value of F displayed in eq. ( p. 38 ) the brane 
probe breaks the supersymmetry of the background exactly in the same way as a massless 
particle. In this section this value of the worldvolume gauge field should be considered as 
an ansatz which allows us to find a class of fixed size solutions of the equations of motion of 
the brane which are particularly interesting. In the remaining of this section we will assume 
that F is given by ( p.38|) . 

It is now straightforward to find the configurations of the system with constant p. From 



the second expression in eq. ( |2.31| ) one concludes that one must have: 



TTp = 



(2.40) 



Then, the hamiltonian equation of motion for Tip, i.e. rCp = —dh/dp, implies that the last 
term on the right-hand side of eq. (|2.36|) must vanish. For p < 6 this happens either for: 



p = 



or else when tt^ is given by: 



7^0 = P' 



5— p 



(2.41) 



(2.42) 



(when p = 6 only eq. (|2.42|) gives rise to a constant p configuration). Notice that, as h does 
not depend on 0, the momentum n^ is a constant of motion and, thus, for p 7^ 5, eq. ( p.42|) 
only makes sense when p is constant. Moreover, when p ^ 5, eq. ( p.42| ) determines p in 
terms of vr,^. On the contrary, when p = 5 eq. (|2.42|) fixes vr^ = 1, independently of the 
value of p. 

It is not difficult to translate the constant p condition into a relation involving the time 
derivatives of and r. Let us, first of all, invert the relation ( |2.31| ) between vr^ and (p. By 
taking A = 1 as in eq. (|2.35|) one easily finds after a simple calculation that: 



vr^-p'-^ 



if,' - r' ) 



vr! + 



""cAP' 



(2.43) 



By taking p = on eq. ( p.43| ), and imposing one of the two conditions ( p.41| ) or ( p.42| ), one 
gets that in both cases <j) and f satisfy the following relation: 



fAr' 



+ r' 



1 



(2.44) 



For the configurations we are considering the last two terms of the reduced hamiltonian h 
of eq. ( |2.36|) vanish and, then, our configurations certainly minimize the energy. These 
configurations are characterized by eq. ( p.38|) , which fixes the value of the worldvolume 
gauge field, and ( |2.44| ), which is a consequence of the vanishing of the last two terms of the 
hamiltonian. Remarkably, eq. ( p.44| ) is the condition satisfied by a particle moving in the 
(r, 0) plane at p = along a null trajectory, i.e. with ds'^ = 0, in the metric (|2.1|). Thus, 
our brane probe configurations have the characteristics of a massless particle : the so-called 
giant graviton. Notice that the point p = can be considered as the "center of mass" of the 
expanded brane. In order to confirm this picture let us introduce the two-component vector 
V, defined as: 



{v'-,v^) ^ f, 



r , re 



(2.45) 
plane. From eq. (|2.44| ) one 



which is nothing but the velocity of the particle in the (r 
clearly has: 

[v'-f + {v'tf = 1 , (2.46) 

which simply states that the center of mass of the giant graviton moves at the speed of light. 
The corresponding value of the momentum density "P^ can be straightforwardly obtained 
from eqs. (|^ and (lOOp . Indeed, by using eqs. (|2A8|) , (jO^) , (U) and {^^) , one gets: 



V^ 



IlFNp^-P , 
27r ^ 



(2.47) 



where F is given in eq. 



38|). The momenta p^ and Pr can be obtained from the densities 

Vtj) and Vr by integrating them in the x^~^x^ plane: 



dx^-^ dxP Vi 



Pr 



KAJiAj KAjiXj / 7" 



(2.48) 



By using the value of the inomentum density V^ given in eq. ( 2.47|) and the flux condition 
( p.29| ), one gets the following value of p^ for a giant graviton: 



p^ = NN'p' 



5— p 



(2.49) 



It follows from eq. (|2.49|) that, when p < 5, the size p of the wrapped brane increases with 
the momentum p^. Moreover, it is interesting to point out that, as < p < 1, when p < 5 
the momentum p^ has a maximum value pT"^ given by: 



NN' 



(2.50) 



which is reached when p = 1. The existence of such a maximum for p^ is a manifestation 
of the so-called stringy exclusion principle. Notice that when p = 5 the momentum p<^ is 



independent of p, whereas for p = 6 the value of p^ written in eq. ( |2.5CI| ) is in fact a minimum. 
Let us now study the energy of the giant graviton solution. First of all, we define the 
metric elements Qmn as: 



fMN 



G 



MN I , 

lp=0 



(2.51) 



where the Gmn^s correspond to the metric displayed in eqs. ( |2.1| ) and ( |2.8|) . The hamiltonian 
for the giant graviton configurations, which we will denote by Hgg, can be easily obtained 
from eq. (|2.36|) . In terms of the p = metric it can be written as: 



H, 



GG 



-Qtt 



+ 



pI 



(2.52) 



which, according to our expectations, is exactly the hamiltonian of a massless particle which 
moves in the metric Qmn along a trajectory contained in the (r, 0) plane. Interestingly, 
one can use the hamiltonian ( |2.52| ) to find and solve the equations of motion for the giant 
graviton. Let us, first of all, rewrite Hqg as: 



H, 



GG 



p~7 



r'-Ppl + r'-Ppl 



(2.53) 



We will study the equations of motion of this system by using the conservation of energy. In 
this method we first put Hgg = E, for constant E, and then we use the relation between 
Pr and r, namely: 

R''-P 



Pr 



^7—p 



E r . 



By substituting (|2.54|) in the condition Hgg = E, we get: 



^2 _^ 



^7-p 

R'^-P 



E^R'^-P 



,5-p 



- 1 



(2.54) 



(2.55) 



Eq. (|2.55|) determines the range of values that r can take. Indeed, by consistency of eq. 
( |^.55| ), the second term in this equation must be negative or null. The points for which this 
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term vanishes are the turning points of the system. For p < 5 these points are r = and r*, 
with r* being: 



n 



|5-p 



R'-P . 



(2.56) 



In this p < 5 case, r can take values in the range 0<r<r^,. Ifp = 5 only the r = turning 
point exists and r is unrestricted, i.e. r can take any non-negative value. Finally if p = 6 
the r = turning point is missing and r > r^,, where r* is the value given in eq. ( |2.56| ) for 
p = 6. 

It is not difficult to find the explicit dependence of r on t. Let us consider first the p ^ 5 
case. From eq. (|2.55|) it follows that t as a function of r is given by the following indefinite 
integral: 

t-t^ = R^f , '^'" (p^5), (2.57) 



7-p 
T 2 



5— p 



where t* is a constant of integration. The integral ( p. 57] ) can be easily performed by means 
of the following trigonometric change of variables: 



r \5-p 
r 

The result of the integration is: 

r* \ 5-p 






;P7^5). 



(7)^ 



1 + {b-pfir.f-'W 



-7 



6 6^ 



\p^h). 



(2.58) 



(2.59) 



It follows from eq. ( p.59|) that t* is precisely the value of t at which r = r,,. Moreover if p < 5 
the coordinate r — i> as t — t^, — ;> ±00, i.e. the giant graviton always falls asymptotically 
into the black hole. On the contrary, for p = 6 the coordinate r diverges asymptotically and, 
thus, in this case the particle always escapes away from the r = point. 

The p = 5 case needs a special treatment since, in this case, eq. (|2.57| ) is not valid any 
more. One can, however, easily integrate eq. (|2.55|) with the result: 



roe 



±H \I^-^T^ 



.p 



(2.60) 



It follows from (|2.60|) that, in this case, the solution connects asymptotically the points r = 
and r = cxd. 

In order to complete the integration of the equations of motion one has to determine 
as a function of t. This can be easily achieved by substituting r(t) from eq. ( ^.59[ ) or ( ^.60 ) 
into the condition ( p.44| ) to get 0, followed by an integration over t. The result for p 7^ 5 is: 



p 



tan 



whereas for p = 5 one gets: 



5 — p 
2 




5-p 


R 



[p^5[ 



+ 



_Pl_ 



.P 



(2.61) 



(2.62) 
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It is also interesting to find the value of the velocity v along the trajectory. Actually, a 
simple calculation shows that, for p 7^ 5, it depends on the coordinate r as: 



r \5-p 



r* 



(-)"', (p^5), (2.63) 



where, on the right-hand side, it should be understood that r is the function of t given in 
eq. (|2.59|) for t > t^. Curiously, when p = 5 the vector v is constant and has the following 
components: 



2 



v^ = ± 



Pi 



E^R-^ 



v^-=f^, (p = 5) . (2.64) 



To finish this section, let us now discuss the extensivity of the brane probe on the noncom- 
mutative plane x^"^ x^. As argued above, for fixed worldvolume flux A^', this extensivity 
depends on the value of the gauge field F. Actually, by using in eq. (|2.29|) the value of F 
given in eq. (|2.38|), one gets that the volume occupied by the brane probe along the x^~^ x^ 



plane is: 

dx'P-^ dxP = ^ sin(2(/?) . (2.65) 

This volume clearly goes to zero as (f ^ for fixed A^'. This means that if we switch off 
the B field in the background, the D(8-p)-brane probe is effectively converted into a D(6- 
p)-brane, in agreement with the results of refs. 0-0. Actually, one can check that in this 
limit our results agree with those corresponding to the Dp-brane background if we replace 
everywhere A^ by A^A^'. 

3 Supersymraetry 

The objective of this section is to analyze the supersymmetry behaviour of the brane con- 
figurations studied in section 2. Actually, we will verify that these configurations break the 
supersymmetry of the background just as a massless particle which moves precisely along 
the trajectories found in section 2. 

The number of supersymmetries preserved by a Dp-brane is the number of independent 
solutions of the equation |[T6[] : 

r«e = e, (3.1) 

where e is a Killing spinor of the background and F^ is the so-called /t-symmetry matrix, 
which depends on the background and on the type of brane. For a Dp-brane in a type IIB 
background F^ is given by |T^ : 





1 




00 

>: 

n=0 


1 


y^-det 


{9 


+ ^) 


2"n! 


X -0*1 i^i 




•^fJ-nl^n 


Jin) 


5 



fJ.lUl-flri'^ri ^ 



(3.2) 
12 



where g is the induced metric on the brane worldvolume, J-' = F — P[B] and J^"-* is the 
following matrix: 

JW = (-I)"a3'^+"(^a2) ® So, (3.3) 

with So being: 

So = (^ e^'-'^-' 7........ . (3.4) 

Recall that in the type IIB theory the spinor e is actually composed by two Majorana- 
Weyl spinors ei and €2 of well defined ten-dimensional chirality, which can be arranged as a 
two-component vector in the form: 

::) • p-5) 

The Pauli matrices appearing in the expression of J*-"-* act on this two-dimensional vector. 
Moreover, in eqs. (|3.2| ) and (|3.3| ) '~i^^^2- ^^^ antisymmetrized products of the induced world- 
volume Dirac matrices which, in terms of the ten-dimensional constant gamma matrices F^, 
are given by: 

-f, = d,X''E§VM. (3.6) 

where Ejj is the ten-dimensional vielbein. There exist similar expressions for the type IIA 
theory. Actually, for the sake of simplicity, we will restrict ourselves to the analysis of the 
(Dl, D3) background, although one can find similar results for the general case by making 
the appropriate modifications in our equations. 

3.1 Killing spinors of the (D1,D3) background 



In order to solve eq. ( |3.1|) it is clear that we must first determine the Killing spinors of 
the background, which is equivalent to characterize the supersymmetry preserved by our 
supergravity solution. We are considering bosonic backgrounds, which are supersymmetric 
iff the supersymmetry variation of the fermionic supergravity fields vanishes. Actually, this 
only occurs for some class of transformation parameters, which are precisely the Killing 
spinors we are interested in. 

The analysis of the supersymmetry preserved by the (D1,D3) background by using the 
transformation rules of the type IIB supergravity is performed in appendix A. Here we 
will characterize the Killing spinors of this background by means of an alternative and 
more simplified method [1^, which makes use of the K-symmetry matrix ( p.2|) . Let us 



place a test D3-brane parallel to the background and choose its worldvolume coordinates 
as {^^1^^) = (t, X*) for i = 1,2,3. The equations which determine the embedding of the 
parallel D3-brane are : 

X' = t=e, X' = x'=C, (2=1,2,3), (3.7) 

with the other spacetime coordinates being independent of the (^°,^*). We will study the 
supersymmetry preserved by this test brane when the worldvolume gauge field F is zero, i.e. 
when JF = —P[B]. This means that the only non-zero component of JF is: 

^x^x^ = -tanv9/3~^/i3 . (3.8) 
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The test brane configuration we are considering is the same as the one that creates the 
background. Therefore, it is natural to expect that such a parallel test brane preserves 
the same supersymmetries as the supergravity background. Then, let us consider the k- 
symmetry condition F^e = e for this case. The induced gamma matrices for the embedding 
(^ are: 



7x- 



/s r^ja 



(a 



0,1) 



7x 



h~' hi r. 



By using eq. (|3.9|) in the expression of Tk for p = 3 (eqs. 
K-symmetry matrix for this case is: 



hi 



COSip {i<72) Fa-O., 



/g ' sinygq-iF^o^i 



2,3). (3.9) 

72D-(|]4D), one gets that the 



(3.10) 



In eq. ( p. 10] ), and in what follows, we have suppressed the tensor product symbol. It is now 
straightforward to check that the condition F^e = e can be written as: 



(ia2) F^.o...^,3 e 



where a is the function of r given by: 



sma 



h 



1 1 

^ /13 sin (f 



g-ar^2^3g3 g 



cos a 



/13 cos ip 



(3.11) 



(3.12) 



In appendix A we will verify that the supersymmetry invariance of the dilatino of type 
IIB supergravity in the (-D1, D3) background requires that the supersymmetry parameter e 
satisfies eq. ( |3.11| ) with a given by eq. ( p.l2| ) , which is is a confirmation of the correctness 
of our K-symmetry argument. Moreover, in view of eq. (|3.11| ), the Killing spinor e can be 

written as: 

e = e^^^^"'e, (3.13) 

where e is a spinor which satisfies: 



Uora, 



r^o- 



7-3 e 



(3.14) 



In our study of the supersymmetry preserved by the giant graviton solution we will need 
to know the dependence of e on the coordinate p. Again, this dependence can be extracted by 
solving the corresponding supergravity equations. Here, however, we will present a simpler 
argument which, as we will check in appendix A, gives the right answer. The starting point 
of our argument is to consider the supergravity solution in the asymptotic region r — > cxd 
without making the near- horizon approximation (|2.15| ). In this case the harmonic function 



fp is given by eq. ( p.2|) and, when r —>■ 00, the metric is fiat and the different forms vanish. 
The supersymmetry preserved in this region is just the one corresponding to covariantly 
constant spinors, i.e. spinors which satisfy Dm^ = in the fiat asymptotic metric. Taking 
M = p, we get that: 

(3.15) 



dpe 
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where o;^^ are the components of the spin connection. As the only non-zero component of 
the form uj^^ of the spin connection in our coordinates (p.l|) and ( p.8|) for the the asymptotic 
metric is: 

^p~ = /I '2 ' (3-16) 

we obtain from eq. ( p.l5| ) that the p dependence of e can be parametrized as: 



.§. r 

i or 



^ = e-2'pL e , (3.17) 

with /? being the following function of p: 



sin (3 = p , cos/3 = y 1 — p^ , (3.18) 

and e satisfying the same equation as e, namely: 

(i(j2) r ^^o-x3 e = e . (3.19) 

The supergravity analysis of the {D1,D3) background provides the explicit dependence of 
e on the other coordinates (see eq. (|A.12|) ). However, in our analysis of the K-symmetry 
preserved by the giant graviton solution we will only need to know that e satisfies eq. ( |3.19| ). 



Actually, we will rewrite this equation in a form more convenient for our purposes. Let us, 
first of all, recall that all spinors (and in particular e) have fixed chirality and thus e satisfies: 

^ xO-x^ Tp^r^r^e = e , (3.20) 

where we have denoted: 

r, = r gi...e3 . (3.21) 

Taking eq. ( |3.2CI| ) into account, eq. (|3.19| ) can be written as: 



rp,e = Te, (3.22) 

where T is the following matrix: 

T = (zas) r^r, . (3.23) 

Using eq. (|3.22|) in eq. ( p. 17] ), we can reexpress e as: 

e = e-2 ^ e , (3.24) 



which is the parametrization of e which we will use in our analysis of the /t-symmetry for 
the giant graviton. 
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3.2 «:-symnietry of the probe 



We are now ready to determine the supersymnietry preserved by the giant graviton in the 
{Dl, D3) background]^. According to the formahsm developed in section 2, we have to 
consider a D5-brane probe extended along the directions (x^, x^, 6^, 6"^, 6^). The K-symmetry 
matrix F^ for such a probe can be obtained from eq. ( p.2|) by taking p = 5. For a D5-brane 
embedding of the type ( p.22| ) with p = the induced Dirac matrices are: 



1x0 



Gtt r^o + 4>\ G^^ Frf, + rJGrr F 



Ix'^x^ 



h'hT, 



lei 



firpelTgi 



(3.25) 



where ej denotes the 5*^ vielbein. We will assume, as in section 2, that the brane probe has 
a worldvolume gauge field whose only non- vanishing component is J-'x^x^, which we simply 
will denote by JF. By substituting the values given in eq. ( p.25|) in eq. ( p.2|) one readily 
verifies that the contribution of the gauge field J-' exponentiates and, as a consequence, the 
matrix F^ can be written as: 



-Gt 






X 



-Gtt r^o 



GmTj, + r\ Grr F 



F* e 



-J? r 2^30-3 



(3.26) 



In eq. ( p.26| ) Gmn denote the elements of the metric (12J] ) for p = 3, F* is the same as in eq. 
( p.21| ) and r] is defined as: 



smi] 



fPh 



cos?7 



Th--- 



(3.27) 



Ai ' ""-■' Ai ' 

where Ai has been defined in eq. (|2.28|) . 

Let us now compute the action of F^ on spinor e, which we will parametrize as the Killing 
spinors of the (D1,D3) background, namely (see eqs. ( p.l3| ) and ( |3.24| )): 






gf r ^2^3 g-3 g-| T 



(3.28) 



where a and (3 are given in eqs. ( P . 1 2| ) and ( p.l8| ), T is the matrix written in (|3.23|) and e is 
independent of p. By using this representation, one immediately gets: 



r«e 



,('7-f)r^2,3^3 



102 



-Gtt - G^^(j)^ - Grrr^ 



X 



-Gtt r^o 



G(j)^T(f) + r\/Grr^ 



F* e . 



(3.29) 



"'^ Similar methods have been appHed in refs. [EsL [IJl to study the supersymmetry of the baryon vertex. 
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Then, making use again of eq. ( p.28|) , one concludes that the equation F^ e = e is equivalent 
to the following condition for e: 



^c^2 



~Gtt — 






Gtt FajO + (px G^4, r^ + fJGrr F 



F, I = e^"-"^ ^s^"' I . 



(3.30) 



Notice that in eq. ( p. 30 ) the matrix V^2,j.z only appears on the right-hand side. Actually, 
\i a = ri this dependence on V ^-i^z disappears. Moreover, by comparing the definitions of 
a and r] (eqs. ( p.l2| ) and ( p.27|) , respectively) one immediately realizes that a = 77 if and 



only if Ai = l/sin;/). On the other hand, eq. ( p.37| ) tells us that this only happens when 
F = 2csc(2y9), i.e. precisely when the worldvolume gauge field strength takes the same 
value as the one we have found in our hamiltonian analysis of section 2 (see eq. ( [^.38D ). Let 
us assume that this is the case and let us try to find out what are the consequences of this 
fact. Actually, we will also assume that our second condition ( p^.44 ) holds. It is a simple 
exercise to verify that, when ( |2.44| ) is satisfied, the denominator of the left-hand side of eq. 
( p.30| ) takes the value: 



—Gtt " 









pr fi (j) . 



(3.31) 



Then, for a configuration satisfying eq. ( p. 38 ) and ( 2.44| ), the equation F^e = e becomes 



-Gtt F,.o„ 



GsS + ^\ Grr r 



^rr ^ r(j} 



e = pr fi (t)T e 



(3.32) 



where T has been defined in eq. ( 3.25 ). Let us now rewrite eq. ( p. 32 ) in terms of the p = 
spinor e. By substituting eq. ( p.24|) on both sides of eq. (|3.32|) , and using the fact that T 
anticommutes with T^os and F^^, one gets: 



/; 



o/9Tf" ■ 



z'e^' ^.H 



<prfi Jl- p^ + rf. 



5 e L r<j> 



e = pr fi (l)T e . 



(3.33) 



Let us consider now eq. ( p. 33] ) for the particular case p = 0. When p = the right-hand 
side of eq. (|3.33|) vanishes and, as /? = is also zero in this case (see eq. ( p.l8| )), one has: 



fPV^o^-cl^rU+rUV 



t4> 



. 



(3.34) 



For a general value of p the K-symmetry condition can be obtained by substituting in ( p.33| ) 



,/3T 



by: 



0/3 T 



'l-p2+pT. (3.35) 

By so doing one obtains two types of terms, with and without T, which, amazingly, satisfy 



the equation independently for all p as a consequence of the p = condition ( |3.34|) . Thus 



eq. (|3.34| ) is equivalent to the K-symmetry condition F^e = e and is the constraint we 
have to impose to the Killing spinors of the background in order to define a supersymmetry 
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transformation preserved by our brane probe configurations, 
interpretation of (|3.34| ), let us define the matrix F^ as: 



In order to obtain a neat 



(3.36) 



where v- and f^ are the components of the velocity vector v defined in eq. ( |2.45| ). By using 
eq. ( |2.4(j| ), which is a consequence of ( p^.44D , one readily proves that the matrix F^ satisfies: 



F, 



(3.37) 



Moreover, from the explicit expression of the components of v (see eq. ( 2.45|) ) it is straight- 
forward to demonstrate that the K-symmetry condition ( |3.34| ) can be written as: 



Fa-O + F^ 



. 



Taking into account eq. ( |3.37| ), one can rewrite eq. ( p. 381) in the form: 



F,.o F,, e 



(3.38) 



(3.39) 



Moreover, recalling the relation ( p.28|) between e and e, and taking into account that F^o F„ 
commutes with F 3,2^3 , eq. ( p.39| ) is equivalent to: 



V^o F„ e I 



(3.40) 



lp=0 



Eq. (|3.4CI| ) is the condition satisfied by the parameter of the supersymmetry preserved by a 
massless particle which moves in the direction of the vector v at p = 0, i.e. by a gravitational 
wave which propagates precisely along the trajectories found in section 2. However, the 
background projector (2172) F 3.0. ..3.3 and the one of the probe, F^F^ do not commute (actually. 



they anticommute) . This means that the conditions ( p.l9|) and ( p.39 ) cannot be imposed 
at the same time and, therefore, the probe breaks completely the supersymmetry of the 
background. The most relevant aspect of this result is that the supersymmetry breaking 
produced by the probe is just identical to the one corresponding to a massless particle which 
moves in the direction of v. This fact is a confirmation of our interpretation of the giant 
graviton configurations as blown up gravitons. 

Notice that we have found the supersymmetry projection for the giant graviton configu- 
rations from the conditions ( p.38|) and (|2.44| ). Clearly, we could have done our reasoning in 
reverse order and, instead, we could have imposed first that our brane probe breaks super- 
symmetry as a massless particle at p = 0. In this case we would arrive at the same conditions 
as those obtained by studying the hamiltonian and, actually, this would be an alternative 
way to derive them. 



4 Summary and discussion 



In this paper we have found configurations of a brane probe on the (D(p-2), Dp) background 
which behave as a massless particle. We have checked this fact by studying the motion of 



the brane and the way in which breaks supersymmetry. These giant graviton configurations 
admit the interpretation of a set of massless quanta polarized by the gauge fields of the 
background. Actually, by recalling the arguments of refs. 0-0; one can argue that there 
are two possible descriptions of this system, as a point-like particle or as an expanded brane, 
which are valid for different ranges of the momenta and cannot be simultaneously valid. 

In the cases studied in refs. 0-0 the blow up of the gravitons takes place on a (fuzzy) 
sphere. In our case the brane probe shares two dimensions with the branes of the back- 
ground and, thus, our gravitons are also expanded along a noncommutative plane. We have 
parametrized the volume occupied by the probe in the noncommutative plane by means of 
the flux of the worldvolume gauge fleld. If this flux is flxed and flnite, the angular momentum 
of the brane is bounded for p < 5 and one realizes the stringy exclusion principle. 

Let us flnally comment on some possible extensions of our results. It is clear that one 
should investigate the spectrum of small vibrations of the brane around the giant graviton 
conflguration, along the lines of refs. g, [12[, in order to determine its stability. It would be 
also very interesting to have a more explicit picture of the blow up of the gravitons in the 
noncommutative plane in terms of the Myers dielectric efect. Another topic which we would 
be interesting to examine is whether or not there exist conflgurations similar to the ones 
studied here in M-theory. Notice that the authors of the second paper in [Q found solutions 
of eleven dimensional supergravity generated by a non-threshold (M2,M5) bound state. The 
natural probe to consider in this case is a M5-brane sharing three common directions with 
the background. We expect to report on these issues in future. 
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A. Supergravity analysis of the (D1,D3) background 

In this appendix we shall study the supersymmetry preserved by the {Dl, D3) solution of 
the type IIB supergravity equations. In order to perform this analysis it is more convenient 
to work in the Einstein frame, in which the metric ds'^ = e~'^°^'^ ds^ takes the form: 



dsl = f^^'^ h^^'^ [ - ( dx° )2 + ( dx^ f + /i3 (( dx" f + ( dx 

1 



3 \2 



+ 



+frh~,"UT' + fi"h-,"\'\^dp' + (i-p^)rf0^ + p'd^. 



(A.i: 
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where /a and /13 are given in eq. ( p.2|) and, for simplicity, we have taken the string couphng 
constant Qs equal to one. 

The supersymmetry transformations of the type IIB supergravity fields have been ob- 
tained in ref. |2^. In this reference the author uses complex spinors instead of working 



the real two-component spinor written in eq. ( p.5[ ). It is not difficult, however, to find the 
relation between these two notations. If ei and €2 are the two components of the real spinor 
written in eq. ( |3.5| ), the complex spinor is simply: 

e = ei + iea . (A.2) 



From eqs. ( p.5| ) and ( [A.2| ) it is straightforward to find the following rules to pass from one 
notation to the other: 

e* ^-> (J3 e , ie* ^-> (Ji e , ze <-> —i(T2 e . (A. 3) 



We will use the correspondence written in eq. ( [A.3[ ) to express the result of our supergravity 
analysis in the notation 



With our notations for the gauge forms, the supersymmetry transformations of the di- 
latino A and gravitino ip in type IIB supergravity are ||20|| : 



1 
24 






+ 4 ( r^f ^'^^'^^ - 9 4'^ T^'^^'^ ) e* Fm.m.m, . (A.4) 

In eq. ([A.4|) the r*^'s are ten-dimensional Dirac matrices with curved indices, F'^^'^ is the 
RR five-form and Pm and Fm^M2Mz ^^^ given by: 

Pm = ^[dM(pD + ^e^°5AfX] , 

FM1M2M3 = e ~ HM1M2M3 + ^e^~ Ff^i^j^^^j^^ , (A. 5) 

where x is the RR scalar and H and F^'^'^ are, respectively, the NSNS and RR three-form 
field strengths. 

The solutions of the supergravity equations we are dealing with are purely bosonic and, 
thus, they are only invariant under those supersymmetry transformations which do not 
change the fermionic fields A and ip. Let us consider first the variation of the dilatino A for 
the (D1,D3) background. From eqs. ( |2.1j ), (|2.4| ) and ( p. 13 ) it follows that the non-vanishing 
components of the complex three-form F are: 



Foir = i sin if hi 9^ /s \ 

7 
-^23r = simpcosip hi dr f^^ . (A. 6) 

20 



By using eq. (|A.6|) , and by computing Pm from eq. ( p.l|) , one easily finds from the first 
equation in ([A.4|) that the supersymmetry variation of A is: 



6X 



simp 



fi 



hidrfs 



— isiniph^ f^ ^e* + r2,o^.ie + icosiph^ ^x^x^^ 



(A.7) 



Clearly (5A = if and only if the term inside the brackets on the right-hand side of eq. 
( |A.7| ) vanishes. It is an easy exercise to verify, by using the correspondence ( |A.3|) , that 
the condition so obtained coincides with the K-symmetry condition ( |3.1lD . Thus, we can 
represent the spinor e as in eq. ( p.l3|) with a given in eq. (p.l2|) and e satisfying (|3.14]) . 

More information about the spinors which leave invariant the (D1,D3) solution can be 
gathered by looking at the gravitino transformation rule ( |A.4| ). Let us consider first the 
components of tp along the directions x^ [fi = 0, 1, 2, 3) parallel to the D3-brane. Due to the 
presence of a covariant derivative on the expression of 6ijjm, in order to obtain the variation 
of the gravitino, we need to know the value of the spin connection. It is straightforward to 
check that the only non- vanishing components of the latter of the type u!^^;r- are: 

uj^ = uj^ = -^fidrf^^ + - sinV^a/s '^r/s"^ , 



2 

X r 



X r 



J 3 ^3 ^rJ3 



sinV^s /s "^r/s 



(A.8) 



By using eq. ( |A.8| ), the values of the forms given in eqs. ( p.l3|) and ( [A.6|) and the constraint 
imposed on e by the invariance of the dilatino (eq. (|3.11| )), one concludes after some calcu- 
lation that the gravitino components V'xm (// = 0, 1, 2, 3) are invariant under supersymmetry 
if and only if the Killing spinor is independent of the x'^'s, namely: 



a.M e 







(/i = 0,1,2, 3). 



(A.9) 



The condition 6ipp = determines the dependence of e on p. The relevant component 
of the spin connection needed in the calculation of 6ipp is: 



pr 
UJ— 



VT^7 



1 - -^rfsdrfs^ + -r sin^ p> /13 dr /g ^ 



(A.IO) 



(Notice that when r -^ 00 we recover eq. (|3.16|) ). Using again the condition imposed by 
the dilatino invariance, one can easily prove that the dependence on p of e is the same as in 
eq. (|3.17|) . Thus, we have verified the representation of e in terms of the spinor e written 
in eq. ( |3.13| ) and ( |3.17| ). An explicit representation of e can be obtained by looking at the 
transformation of the other components of the gravitino. For instance, one can consider the 
equation for the radial component of ip. Using the fact that a;|^ = 0, one gets that the 
dependence of e on r is determined by the equation: 



dri 



-U 



\^{hh 



(A.ll) 



which can be immediately integrated. One can proceed similarly with the remaining com- 
ponents of ip. The final result of this analysis is the complete determination of the form of 
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e and, therefore, of the complete Kilhng spinor e. One gets: 



hhr 



'» ^l"r^2.3^3 ^-|/3rp. -^4>r 



ILL p 2 ^ tL X 



xe-^^^^^e"^^'^^2^e"^^'^^a^eo , (A.12) 

where eo is a constant spinor satisfying the condition 

(ia2)r ^o-x3 ep = eo • (A. 13) 

It follows from eqs. ( [A.12|) and ( |A.13|) that the (D1,D3) background is | supersymmetric. 
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